The domestication of maize has spanned a period of over 9000 years, during which time its wild relative teosinte underwent natural and artificial selection. We hypothesize that environmental conditions could have played a major role in this process. One factor of environmental variation is soil composition, which includes sulfur availability. Sulfur is reduced during photosynthesis and is used to synthesize cysteine and methionine, which drive the accumulation of d10 (Zm00001d045937), d18 (Zm00001d037436), b15 (Zm00001d035760), c16 (Zm00001d005793), c27 (Zm00001d020592), and c50 (Zm00001d020591) zeins, representing the zein2 fraction (z2) of storage proteins in maize seeds. In this study, polymorphisms and haplotypes were detected based on six z2 genes in 60 maize and teosintes lines. Haplotypes were unevenly distributed, and abundant genetic diversity was found in teosintes. Polymorphism was highest in z2d18, whereas for z2b15 single nucleotide polymorphism (SNP) density and insertion/deletion (indel) abundance were the lowest, indicating differential roles in seed evolution. Indels showed a clustered distribution, and most of these derived from teosintes. The indels not only led to tandem repeat polymorphisms, but also to frameshift mutations, which could also be used as null variants. In addition, neutral evolutionary tests, phylogenetic analyses, and population structures indicated that z2d10 and z2c50 had undergone natural selection. Indeed, a natural selection imprint could also be found with z2c27 and z2c16, whereas z2d18 and z2b15 tended to be under neutral evolution. These results suggested that genetic diversity and evolution of a subset of sulfur-rich zeins could be under environmental adaptation during maize domestication.
INTRODUCTION
Maize is one of the most important crops worldwide, with the highest yield. It belongs to the genus Zea of the Gramineae and is comprised of Zea luxurians, Zea perennis, Zea diploperennis and Zea mays, four species native to Mexico and Central America. Based on tassel and ear morphological characteristics, Zea can be divided into two sections, section Luxuriantes comprising Z. luxurians, Z. perennis, and Z. diploperennis, and section Zea, which includes Zea mays with its four subspecies: Z. mays L. mays (mays), Z. mays L. ssp. mexicana (mexicana), Z. mays L. ssp. parviglumis (parviglumis) and Z. mays L. ssp. huehuetenangensis (huehuetenangensis) (Wang et al., 2011) . Among these, Z. perennis is tetraploid, which is a perennial species as is diploid Z. diploperennis, whereas Z. luxurians, and Z. mays are annual species, and mays is the well known cultivated maize (Hufford et al., 2012a) . Simple sequence repeat (SSR) molecular markers have confirmed that parviglumis is the direct ancestor of cultivated maize (Hufford et al., 2012a) .
Continuous domestication and improvement have been carried out for maize, to meet the needs of human life and food production, that have completely changed its wild characteristics. Teosinte branched1 (tb1) and teosinte glume architecture1 (tga1), known to affect maize branching and kernel structure, showed strong signals of selection during domestication (Dorweiler et al., 1993; Doebley et al., 1995) . Starch metabolism-associated genes, such as amylose extender1 (ae1), brittle2 (bt2) and sugary1 (su1), have also been strongly selected (Whitt et al., 2002) . After the dramatic changes in the early domestication, modern corn gradually emerged and different varieties have been developed to adapt to today's needs during the long process of breeding.
Starch and seed storage proteins (SSPs), stored in the endosperm of cultivated maize, provide energy and nutrition for seed germination and initial growth of seedlings. SSPs in maize can be divided into four groups based on solubility: water-soluble albumin, salt-soluble globulin, alcohol-soluble prolamin, and alkali-soluble glutelin, with mainly prolamins, also called zeins in maize (Osborne, 1908) . Zeins are a heterogeneous mixture and can be divided into zein1 (z1) (19-, 22-kDa a-zein) and zein2 (z2) (10-, 18-kDa d-zein, z2d10, z2d18; 15-kDa b-zein, z2b15; 16-, 27-, 50-kDa c-zein, z2c16, z2c27, z2c50) (Sodek and Wilson, 1971; Xu and Messing, 2008) . Among these, a-zein gene is a multi-copy gene family. The 19-kDa a-zeins are encoded by z1A, z1B and z1D subfamilies, and the 22-kDa a-zein is encoded by the z1C subfamily (Song et al., 2001; Song and Messing, 2002) , whereas d-, b-, c-zeins are composed of low or single copy genes that are distributed on different chromosomes (Xu and Messing, 2008) .
The protein content in maize seed is about 10%, of which 70% are zeins (Flint-Garcia et al., 2009) . More than 60% of total zeins are a-zein (Wu et al., 2012) . Although the z2 fraction is low, it is required for kernel hardness and sulfur storage. During the development of endosperm, zeins are sequestered into protein bodies (PBs) (Lending and Larkins, 1989) . With the accumulation of different types of zeins, PBs are formed gradually from outside to inside. bZein and c-zein are located at the periphery of the PBs and ensure stable accumulation of d-and a-zein in the inner core of the PBs (Larkins and Hurkman, 1978; Coleman et al., 1996; Bagga et al., 1997) . Gamma-zeins promote the stability of PBs. They also form a proteinaceous matrix with starch granules that is beneficial to maintain the hardness of the maize kernel (Wu et al., 2010) . Although zeins are a measure of the nutritional quality of maize, it is still not clear whether they were under natural or artificial selection during domestication.
Due to the deficiency of some essential amino acids, the nutritional quality of maize is low. The lack of methionine may cause animal dwarfism and reduced egg production in animal feed (Messing and Fisher, 1991) and growth retardation in early child development in countries where maize is the main source of protein . Whereas synthesized racemic methionine can be added to the diet of livestock, this process is not feasible for human consumption. Low methionine levels in maize seeds are somewhat surprising because the z2d10 and z2d18 genes, possessing a 52.13% nucleotide sequence similarity, encode d-and b-zein that have a high level of methionine (>20%), but are not regulated in the same way (Wu et al., 2012) . This pattern of differential regulation of orthologous gene copies, such as z2d10 and z2d18, is due to diploidization of an ancient allotetraploidization event in maize 4.8 million years ago (mya) (Swigonova et al., 2004) , in which particularly flanking sequences in homoeologous regions have been rearranged (Bruggmann et al., 2006) . Besides transcriptional regulation, which is endosperm specific, z2d10 mRNA is differentially regulated by dzr1 alleles at the post-transcriptional level (Chaudhuri and Messing, 1994) . Repression of z2d10 mRNA accumulation is not compensated by an increase in z2d18 expression (Wu et al., 2012) . Interestingly, construction of a chimeric z2d10 gene with substituted untranslated regions in its transcript appears to be the target of this regulation (Lai and Messing, 2002) . Therefore, areas of sequence variation in enhancer regions or transcripts are important binding sites that lead to differences in gene expression.
Although most null mutants for z2 genes, such as of z2d10 and z2d18, have no significant macrophenotype, preventing any selection against methionine accumulation deficiency in maize seeds (Wu et al., 2009) , their capacity for sulfur storage could be subject to environmental fluctuations in sulfur availability (Hagan et al., 2003) . Consequently, research on sequence polymorphisms of z2 genes from different maize lines and teosintes could supply a theoretical basis for quality maize breeding for the food and feed industries, and provide insights into the environmental adaptation of cultivated maize during domestication.
RESULTS

Indels in z2 genes in maize and teosintes
To investigate the genetic variation and the evolution of z2 genes, the CDs of z2d10, z2d18, z2b15, z2c16, z2c27 and z2c50 in 38 cultivated maize and 22 teosintes were sequenced and analyzed, respectively (Table S1) . As a result, we obtained 105, 125, 86, 117, 137 and 164 unique sequences for z2d10, z2d18, z2b15, z2c16, z2c27, z2c50, respectively.
The length of the z2d10 gene ranged from 441 to 471 bp, mainly due to five indels, which were distributed in the posterior part of the gene in 49 positions ( Figure S1a ). CML261 had a 4-bp (ATAG) insertion, which shifted the stop codon. The other four indels still maintained the integrity of the open reading frame (ORF) ( Figure S1a and Table S2 ). The length of z2d18 varied between 594 and 653 bp with 13 indels spaced over 169 sites and the highest abundance in the middle of the gene. Frameshift mutations and premature stop codons were found in 20 sequences and these frameshift mutations could lead to knockout mutations for z2d18 ( Figure 1a and Table S2 ). Besides indels, short sequence duplications in z2d18 were observed in different lines, for example, repetitions of ATG and CAA in these sequences ranged from 2-4 and 3-5, respectively.
Similarly, indels with different number and sizes in CDs of b-zein (z2b15) and c-zein (z2c16, z2c27 and z2c50) not only resulted in change of length, but also in the occurrence of tandem repeat polymorphisms and frameshift mutations (Figures 1, S1 and S2 and Table S2 ). Among these, the deletion of G in III.12E of z2b15 shifted the stop codon (Figure 1b) . A deletion of C occurred at position 216 of z2c16 gene in C123, resulting in a frameshift mutation and a premature stop codon, six indels resulted in the formation of null mutants for z2c27 in six cultivated maize lines (Co159, III.12E, CML333, A69Y, Ki3, Nal-Tel) and three teosinte accessions (PI566682-3/4/5, PI566685-2, Ames8083-2), and seven indels resulted in frameshift mutations and premature stop codons for z2c50 in five teosintes: Ames21874-4, Ames21875-3, PI384071-6, PI566687-7/10, PI566682-8 (Figures 1c and S1b,c and Table S2 ).
In summary, it can be shown that indels tended to be clustered, and most of these were found in teosintes. Moreover, z2d18 and z2c50 had the highest frequency of internal rearrangement and, for most genes, deletion events were more frequent than insertions (Figures 1 and S1 and Table S2 ). These indels have led to tandem repeat polymorphisms and in frameshifts, causing these lines to be null mutants.
Haplotype diversity of z2 genes
The genetic composition of a population is affected by mutation, bottleneck effect, population expansion, genetic drift, introgressions, natural selection, which can be reflected by the characteristics of the DNA samples. It can be inferred whether the population has undergone natural or artificial selection through the calculation of population diversity, genetic mutation, synonymous and non-synonymous substitution, and population structure. To determine the genetic diversity of the six z2 genes, the haplotypes and SNPs were analyzed in 60 cultivated maize and teosintes. (9) ATG (2) 6 bp(2) 6 bp (33) G (III12E) TGA (12) 537 bp Figure 1 . Gene structures of (a) z2d18, (b) z2b15, (c) z2c50 gene. Consensus sequences are shown as a green rectangle drawn to scale. The insertions and deletions are represented by gray (on the bottom) and blue boxes (on the top), and the red letters represent the frameshift mutation. Indels originated from cultivated maize are indicated by yellow pentatram, whereas the purple pentatram mark the origin of indels from cultivated maize. Numbers or letters near the box represent the indel length or the base composition, and the name or number in parentheses denote the sequence name or sequence number corresponding to the indels, respectively. [Colour figure can be viewed at wileyonlinelibrary.com].
According to the CD sequences of z2d10, z2d18, z2b15, z2c16, z2c27, z2c50 genes, 33, 57, 22, 58, 63 and 61 haplotypes were found with a haplotype diversity (Hd) of 0. 921, 0.978, 0.868, 0.941, 0.951, 0.862, respectively . The Hd values of the six z2 genes in teosintes were higher than those in cultivated maize (Table 1) . For z2d10, 17 haplotypes were found with only one sequence, but Hap_3 and Hap_13 were high-frequency haplotypes, with 17 and 25 sequences, which were derived from 16 and 12 lines, respectively. However, haplotype frequency was lower in z2d18. 56.14% of the haplotypes comprised only one sequence, and the haplotype with the highest frequency was present in seven lines. For z2b15, z2c16, z2c27, and z2c50, the number of the sequences derived from the highest and second-class high-frequency haplotypes in each gene amounted to 53.49, 31.62, 22.63 and 39.02%, respectively (Table S3 ). These results suggested that the haplotypes of z2 genes were unevenly distributed, and z2d18 had the highest Hd value and therefore genetic diversity.
The z2d10 gene contained 105 sequences in 60 maize and teosinte lines, and 60.42% of the SNPs were parsimony informative sites. The SNP density (Dens. = 1000 9 SNP/ total gene length, i.e. the number of SNPs per Kb) was 106. In addition, the SNPs showed a different distribution in the sequence: SNPs mostly concentrated in the second half of the gene (Table S4 ). The SNP densities of cultivated maize were lower (Dens. = 29) than those of teosintes (Dens. = 93) ( Table 1 ). The z2d18 gene has 125 sequences, and the SNP density was 217 (Table 1 ). The frequency of internal rearrangement of z2d18 was higher than that of z2d10. The distribution of SNPs was like that of z2d10, mostly located in the second half of the gene, but the SNP density was higher in teosintes.
Although only 33 SNP sites were identified in the 86 sequences of z2b15, 57.58% of these were parsimony informative sites. The SNP density of z2b15 was 61.45, but was much lower in cultivated maize (Dens. = 29.8). Gamma zeins had similar results; the SNP density of z2c27 in cultivated maize (Dens. = 18.35) was the lowest compared with other z2 genes ( Table 1 ). Despite the difference in SNP density, the proportion of parsimony informative sites and the distribution preference of SNPs in cultivated maize and teosintes were very similar, more than 52% of the SNPs were parsimony informative sites. Moreover, cultivated maize had a lower SNP density than teosintes, and z2b15 and z2c27 have the lowest SNP density relative to others.
Nucleotide diversity and conservation of z2 genes
To further investigate the genetic diversity of the six z2 genes, the nucleotide diversity was compared and analyzed for their CD sequences. Sequence conservation (C) and two nucleotide diversity parameters, p and h, were C T = 0.881 (T: Total), p T = 0.01 and h T = 0.02329, in z2d10, respectively. Compared with teosintes, cultivated maize showed higher conservation and lower polymorphism, (Tables 1 and S5 ). Phylogenetic analysis showed that seven cultivated maize lines were clustered with mexicana (Figure 3a) , the p M2 (p M2 = 0.00406) of cultivated maize was lower than that of parviglumis after removing these sequences. To further analyze the nucleotide diversity, sliding windows of 100 bp with a step size of 25 bp were used to estimate the polymorphism frequency distribution of z2 genes, which exhibited a shape like 'И' for z2d10. The highest number of polymorphic sites were in the middle of the gene: 240-265 bp (p T > 0.014, h T > 0.030) (Figure 2 ). The conservation and nucleotide diversity were C T = 0.704, p T = 0.0297, h T = 0.05611 based on 125 sequences for z2d18. Compared with teosintes, this gene was more conserved in cultivated maize, but polymorphism was variable: p M /p W = 1.123, h M /h W = 0.5108. This was mainly due to the presence of some intermediate frequency alleles, which were dominant in cultivated maize population, resulting in an elevated p M value, whereas the number of segregating sites was relatively small, which led to the decrease of the h M value (Table 1) . The polymorphism of z2d18 was a '∩' shape, and the highest polymorphism sites were in the middle region: 245-520 bp (p T > 0.040, h T > 0.050) (Figure 2) .
The sequences analyses of z2b15, z2c16, z2c27, and z2c50 showed that the polymorphisms of z2b15 were the lowest and the conservation was the highest (Table 1) , and the change rate of z2c50 was most obvious from the level of nucleotide polymorphism obtained from cultivated maize and teosintes (z2b15: Table 1) . z2c16 polymorphism had a 'U' shape with the highest polymorphism (p T > 0.017, h T > 0.024) in the amino-and carboxy-terminal regions of the CDs (390-440 bp), whereas the region with the highest polymorphism level of z2b15, z2c27 and z2c50 were found in the middle to the rear part of the gene (Figure 2) .
Conserved sequence motifs are not only very critical as transcription factor binding sites, but also as protein domains (DeYoung and Innes, 2006; Li et al., 2015) . Therefore, sequence motifs in z2 genes were compared with those in the PlantCARE database (Lescot et al., 2002) . There were three motifs in the CDs of z2d10, MNF1, CATT, and Sp1, located at the conserved regions of positions 79-120 bp and 301-450 bp in cultivated maize, respectively. Four motifs were found in the protein sequences of z2d18, ARE, CATT, MNF1, and CGTGG motifs, and MNF1 and CGTGG motifs were present in the conserved regions of position 70-101 bp and 164-179 bp. The z2b15 gene comprised two motifs, G-box, Sp1. The z2c27 gene only had a GC motif, the z2c50 gene contained a G-box and an O2-site, whereas none was detected in z2c16. All motifs were located in the conserved regions of the respective genes ( Figure S1 and Table 2 ). The main functions of these predicted motifs were related to light responsiveness, anoxic-specific inducibility, anaerobic induction, and zein metabolism regulation ( Figure S1 and Table 2 ).
In summary, the polymorphisms of the six z2 genes were reduced during the process of maize domestication, and sequence motifs were located within conserved regions ( Figure S1 and Table 2 ). Furthermore, high polymorphism sequences were located in the middle of the gene. By comparison, z2d18 had the highest polymorphism but the lowest conserved sequence level, whereas z2d10, z2b15 and z2c27 exhibited the opposite. Interestingly, recent studies on metabolic engineering of increased reduction of sulfur in leaves showed that these genes are the primary target for sulfur storage in the seed over the other z2 genes . It is therefore conceivable that the diversity of genes belonging to the same family could be quite different to the development of the entire population.
Neutral evolution test
The bottleneck effect and positive selection pressure in the process of evolution or domestication often resulted in the decrease of nucleotide polymorphism and reduction of genetic diversity, whereas the degree of variation by polymorphism of the selected locus would be more significant. To further evaluate whether these genes were selected in the process of maize evolution, the CDs derived from the 60 different cultivated maize and teosintes were tested by the neutral test, including Tajima's D, D* and F* of Fu and Li (Tajima, 1989; Fu and Li, 1993) . The Tajima's D and F*of Fu and Li values of z2d10 and z2c50 were significantly less than 0, indicating that these two genes were selected in the evolutionary process. The D* and F* of Fu and Li were significantly less than 0, but the Tajima's D was not significant in z2d18 and z2c16, which could not be excluded from the possibility of neutral evolution. However, z2c27 and z2b15 did not reach a significant level in either of the two methods, indicating that these two genes might be closer to neutral evolution (Table 1) . Although the Tajima's D values were not significant for z2d18, z2c16 and z2c27, D* and F* of Fu and Li were significantly less than 0 (Table S5) . These results suggested that z2d18, z2c16 and z2c27 could still be potentially selected genes. The Tajima's D and D* and F* of Fu and Li of z2d10 in cultivated maize were greater than 0, indicating that there might be a certain degree of balanced selection during evolution (Table 1) . The ratio of synonymous substitution rate (dS) and nonsynonymous substitution rate (dN) in CDs can be used as an index to detect gene evolutionary dynamics. To clarify the type of selection of the six z2 genes during evolution, the average non-synonymous substitution (p non ) and synonymous substitution rates (p syn ) of each gene were calculated. The p non /p syn of z2d10 and z2c50 were 0.236 and 0.475 at the whole population level (Table 1) , but the ratio increased to 0.282 and 0.486 for cultivated maize and two teosintes (parviglumis and mexicana), respectively ( Table S5 ), indicating that these two genes have undergone purifying selection. The p non /p syn value of z2c50 was higher, suggested that the gene has undergone a more relaxed purifying selection. In contrast, the p non /p syn values of both z2d18 (whole population level: p non /p syn = 0.584, mays + parviglumis + mexicana: p non /p syn = 0.958) and z2b15 (whole population level: p non /p syn = 0.953, mays + parviglumis + mexicana: p non /p syn = 0.979) were close to 1 (Table S5 ), indicating that these two genes tend to be under neutral evolution. The p non /p syn value of z2c16 was 0.190 at the whole population level. Although the ratio of z2c27 (p non /p syn = 1.359) was close to 1, the value trended to 0 (p non /p syn of z2c27 was 0.192, p non /p syn of z2c16 was 0.275) for cultivated maize and two teosintes (Table S5 ). In combination with the neutral test, it can be inferred that z2c27 and z2c16 most likely have experienced purifying selection in the process of evolution.
Genealogical and population structure analysis
To gain a better understanding of the evolution of the six z2 genes, phylogenetic trees were constructed from the CDs of mexicana, parviglumis and mays, three subspecies of Z. mays, respectively. The phylogenetic tree of z2d10 showed that each of parviglumis and mexicana clustered together, respectively, whereas mays were divided into two branches: one branch was composed of seven cultivated maize lines, which clustered with mexicana, but the remaining (82.05% of cultivated maize) had a closer genetic relationship with parviglumis (Figure 3a) . Cultivated maize formed a separate branch in the phylogenetic trees of z2c16, z2c27 and z2c50. Furthermore, in the tree of the z2c50 gene, cultivated maize was closely linked to mexicana. However, in the phylogenetic trees of the z2c16 and z2c27 genes, mexicana and parviglumis were mixtures of each other (Figures S3a-S4c) . No obvious clustering was found in these three subspecies for the z2d18 and z2b15 genes (Figures 3b and S3d) . Combined with the results of DnaSP, it can be inferred that the polymorphisms of z2d18 and z2b15 more likely resulted from neutral evolution and not natural selection (Tables 1 and S5 ).
The population structure was analyzed based on the information of SNPs and indels of z2 genes from mexicana, parviglumis and mays. With the change of K value, the genetic homogeneity of the corresponding population stratification of z2d10 and z2c50 was relatively high (Figure S4 ). When K = 2, z2d10 was composed of two subpopulations: parviglumis + mays and mexicana + mays. Some cultivated maize lines were separated from the cluster of parviglumis + mays when K = 3. When K = 4, mexicana and mays were separate ( Figure S4 ). Similarly, when K = 2, z2c50 consisted of two subpopulations, mexicana + mays and parviglumis. When K = 3 and 4, partial mexicana was separated from the cluster of mexicana + mays, suggesting no further genetic population stratification exists in the sample. In the population structure of z2c27 and z2c16, the cultivated species formed a subpopulation independently, whereas parviglumis and mexicana showed hybridization between lines. For z2d18 and z2b15, the homogeneity in each subpopulation was poor. The population structures from z2d10, z2c50, z2c16, and z2b15 are consistent with the phylogenetic trees, whereas z2d18 and z2c27 showed different sequence arrangement with the two methods, especially for teosintes (Figures 3 and S3) .
Population structure and genealogical analyses parallel the results of the neutral evolution test. It is therefore conceivable that z2d10 and z2c50 have undergone natural selection during evolution. Indeed, there is a natural selection imprint on z2c27 and z2c16, whereas z2d18 and z2b15 tend to be under neutral evolution.
DISCUSSION
The selection of z2 genes during maize domestication It was about 9000 years ago when maize was domesticated from parviglumis in the balsa river of southwestern Mexico (Matsuoka et al., 2002) . Compared with its wild ancestor, cultivated maize has undergone a huge phenotypic change, the plant became erect and unbranched, and the kernels were exposed, controlled by tb1 and tga1 (Dorweiler et al., 1993; Doebley et al., 1995) . The expression level of tb1 had improved, which promoted the generation of apical dominance due to a transcriptional enhancer, and an amino acid substitution of tga1 has caused the degeneration of maize glumes, and two loci were selected during maize domestication (Hey et al., 1999; Clark et al., 2004; Wang et al., 2005) . The promoter region of tga1 has a strong selective sweep signal, namely Tajima's D is significantly negative. In addition, p M /p par of tga1 is 0.05, less than the ratio of a neutral gene 0.6-0.8 (Wang et al., 2005) . The nucleotide polymorphism of the 5 0 regulatory regions of tb1 in maize is also dramatically reduced relative to its ancestral species (Hey et al., 1999) . Recent study revealed that the maize violaxanthin de-epoxidase gene (ZmVDE1) was also selected in the process of domestication, exhibiting a significant decrease in nucleotide polymorphism, fewer haplotypes, and a significant negative deviation from the Tajima's D neutral test (Xu et al., 2016) . Besides, it is widely appreciated that p non /p syn is a measure of selection pressure in protein coding genes with a ratio greater than 1 representing positive selection, whereas less than 1 purification (stabilize) selection, and a value of 1 implies neutral evolution (Thakur et al., 2013) . Therefore, if a gene is subjected to natural selection during domestication, the effect of selection would be found in the variation of polymorphism of the DNA sequence.
The significant negative Tajima's D values of z2d10 and z2c50, as well as the low p non /p syn ratio indicated that the purification selection occurred during the maize domestication process, which led to a decrease in the polymorphism of the two genes in cultivated maize (Table 1) . Although the p M /p W ratio of z2d10 was within the range of a neutral gene 0.6-0.8 (Table 1) , there was a bias to the CDs sequence of the gene, which was more conserved than the promoter region. Moreover, the Tajima's D test of z2d10 showed that the values of the neutral test parameters were not significant in almost all individual populations, but Tajima's D was found to be significantly negative, when all groups were combined (Table S5 ), indicating that several groups had accumulated much lower frequency mutations, recently. The Tajima's D of z2d18 and z2b15 were not significant, and the value of p non /p syn were close to 1, indicating that the selection was relaxed in evolution, or inclined to be neutral (Tables 1 and S5 ).
Fu and Li tests are slightly different from Tajima's D, and Fu and Li tests are more sensitive in comparison. Although both methods are based on the frequency of allele variation to detect whether the population deviates from neutral evolution, Tajima's D focuses on the polymorphic results at a given point in time, whereas Fu and Li tests are integrated with a traceability method. It considers the distribution of changes in the research population of phylogenetic trees and the chronology of mutations, namely, the early internal branch and the modern external branch. When a gene is selected, the number of external branch mutations will deviate from the expected value, whereas the internal branch mutations are less affected (Fu and Li, 1993) .
Although neither z2c16 nor z2c27 reached a significant level in the Tajima's D test in three populations of mays, mexicana, and parviglumis (Table S5) , the phylogenetic trees and population structures of these two genes showed that cultivated maize could be clustered separately ( Figures  S3a and 3b) . Moreover, the low levels of SNPs, haplotype polymorphisms, and p non /p syn of these two genes (p < 0.004, Hd < 0.9, p non /p syn < 0.5) as well as the significant negative results of Fu and Li D*& F* in three populations of mays, mexicana, and parviglumis further confirmed the existence of selection signals (Table S5 ). The z2b15 gene had the lowest SNP density, indel abundance, and nucleotide polymorphism, but the highest conservation (Table 1) . Interestingly, the z2b15 gene offers a certain level of redundancy to the d-and c-zein genes. It has been shown that the z2d10 gene acts as the primary storage of methionine, but in its absence the z2b15 gene can take over like a back-up function .
The S-rich zein genes, z2d10 and z2d18, are located on the homoeologous sections of chromosomes 9 and 6, respectively, because maize is an ancient allotetraploid (Xu and Messing, 2008) . For the gene balance hypothesis, one of the two orthologs could be silenced or eliminated from one of two subgenomes (Schnable et al., 2011; Garcia and Messing, 2017) . This was probably not the case for these storage protein genes. However, there are examples in which the regulation of the orthologous copy can change as in the case of the P1 locus (Goettel and Messing, 2010) . This is also the case for z2d10 and z2d18. In most inbred lines, the protein level of the z2d18 gene is much lower than z2d10. Consistent with this observation, we found that increased sulfur reduction during photosynthesis predominantly enhanced the accumulation of the z2d10 protein .
Domestication history and population structure of z2 genes
Previous studies have shown that cultivated maize forms a separate or only slightly differentiated branch, and the teosintes would be associated with the branch of cultivated maize, when constructing phylogenetic trees for cultivated maize and its wild relatives, using the sequence derived from genes selected during domestication (Hey et al., 1999; Clark et al., 2004) . In contrast, cultivated maize would be dispersed among different clades in the construction of phylogenetic trees for neutral genes because of incomplete lineage sorting and other reasons (Hey et al., 1999; Clark et al., 2004) . Cultivated maize was assigned to different branches based on maize tb1 transcribed region (TR), so this area was more likely to be neutral, whereas the nontranscribed region (NTR) of this gene was selected in domestication so that cultivated maize clustered into one clade and was closely associated with parviglumis (Hey et al., 1999) . Microsatellite data revealed that cultivated maize arose from parviglumis via a single domestication process (Matsuoka et al., 2002) . Similarly, the maize waxy gene was strongly selected during domestication (Fan et al., 2008) . Phylogenetic analysis of z2d10 showed that cultivated maize formed two branches, independently. One of the branches formed by most cultivated maize, had a closer relationship with parviglumis, consistent with the clustering characteristics of selected genes involved in the evolution of maize, whereas the other small branch was adjacent to mexicana. Population structure analyses were consistent with the genealogical data, where cultivated maize was also divided into two different subgroups (Figure 3a) . According to the phylogenetic tree and population structure constructed by z2c50, we could see that cultivated maize formed an independent branch, which conformed to the characteristics of genes selected during domestication ( Figure S3c ). In contrast, z2b15 and z2d18 genes were more in line with the neutral gene tree, and the cultivated maize scattered in different branches. The population structure analysis further validated the results of neutral evolution tests (Figures 3b and S3d) . As a result, z2d10 and z2c50 are influenced by natural selection in evolution, whereas z2b15 and z2d18 tend to be neutral. Similar to z2d10, cultivated maize was closer to the mexicana cluster in the phylogenetic tree of z2c50, indicating that mexicana provided important alleles for the evolution of maize ( Figure S3c) , consistent with previous studies (Hufford et al., 2012b) . Alternatively, part of mexicana might have received introgressions from cultivated maize.
Maize is a cross-pollination crop and its wild relatives can also undergo outcrossing. It has been shown that except for Z. perennis, Z. luxurians, Z. diploperennis, huehuetenangensis, mexicana and parviglumis can be interbred with mays. In addition, there is also a certain degree of hybridization between mexicana and parviglumis, mexicana and luxurians (Wilkes, 1977; Doebley, 1990; Baltazar et al., 2005; Fukunaga et al., 2005; Ellstrand et al., 2007; Hufford et al., 2012a) . Therefore, even within the same line, gene sequences might still differ if the genotype is unstable, and these sequences would be assigned to different groups, when constructing phylogenetic trees (Figures 3, S3 and S4) . The results from the phylogenetic analysis of the six z2 genes were strikingly different. These differences might be due to post-transcriptional regulation of zein genes in endosperm tissue, which can be rebalanced to sustain a constant level of seed protein level . Reduced nitrogen and sulfur formation during photosynthesis appear to drive the composition of seed proteins, but would not cause any macrophenotypic change as did tga1 and tb1 because of rebalancing gene expression.
Regulation of single z2 genes
An interesting example of post-transcriptional regulation of z2 expression is the z2d10 zein gene. Although BSSS53 is a null mutant for z2d18, the accumulation of z2d10 in endosperm results in a high level of seed methionine (Phillips et al., 1981; Phillips and Mcclure, 1985) , whereas B73, MO17, A636 and other lines are very low in methionine (Olsen et al., 2003) . However, the z2d10 CDs of MO17, A636 and BSSS53 were the same with only a synonymous mutation between B73 and BSSS53. The main reason for this difference is that the expression of z2d10 is regulated at the post-transcriptional level by the trans-acting element dzr1 . The dzr1 + BSSS53 allele can allows high levels of z2d10 protein, whereas dzr1 + MO17 is parentally imprinted allele, but when activated during female transmission is a dominant negative regulator, restricting the accumulation of z2d10 independent of grand parentage (Chaudhuri and Messing, 1994) .
At the transcriptional level, zein genes, except for z2c16 and z2d18, are regulated by Opaque2 (O2). The transcriptional factor encoded by O2 regulates the expression of zein by combining the motif sequence of the gene promoter region (Li et al., 2015) . In addition to the promoter regions, the CDs of z2c50 also contained a motif that can be combined with O2, but whether O2 can co-control the expression of z2c50 in the promoter and the CDs region still needs to be verified. In addition, the other five genes also contain some conserved motifs in the CDs, but whether they can be bind by transcription factors, further study is still needed. The NBS genes share P-loop, Kinase-2, RNBS-B, GLPL, and RNBS-D functionally important motifs that seem to be very important for NBS-LRR function and could therefore be under selection (DeYoung and Innes, 2006) .
In addition to the regulation of other genes, the expression of z2 genes are also affected by mutations of their own sequences, because the complete CD is a prerequisite for high-level expression of a gene (Feng et al., 2009) . Due to indels, frameshift mutations were found in different lines, whereas null mutants of corresponding genes were therefore produced in z2d10-CML261, z2c16-C123. Null mutants of z2d18 were found in 14 lines, including nine cultivated maize (C1238, McC, Nal-Tel, BSSS53, CML258-2, W22, III.12E, W64A, A636). The same is true for z2c27 in nine lines, including six cultivated maize (Co159, III.12E, CML333, A69Y, Ki3, Nal-Tel) and z2c50 in five teosintes. Among these, III.12E and Nal-Tel are double mutants for z2d18 and z2c27, as the frameshift mutation was located close to the stop codon of z2b15 (Figures 1 and S2 and Table S3 ). In addition, the polymorphism of enhancer regions of zein genes and its corresponding binding factors that regulate zein genes expression might also contribute to the differential expression of zein genes in different maize germplasms.
Interestingly, differential expression due to null mutants have no macrophenotype. Recently, it has been shown that a null mutant can shift expression levels between z2 genes to maintain a constant reduced sulfur level in the seed (Wu et al., 2012) . However, it had been shown that expression levels of the d-zeins was much higher in exotic lines and teosintes than most cultivated maize, presumably due to the absence of a selectable phenotype for breeders (Swarup et al., 1995) . Because sink strength of reduced sulfur appears to be driven by the source in the leaf, it is more likely that regulation of z2 genes was changed over time more by environmental factors such as soil conditions rather selection during domestication.
EXPERIMENTAL PROCEDURES Plant materials
A set of 38 representative cultivated maize lines was obtained from the collection of the Waksman Institute of Microbiology, Rutgers University, and 22 available teosinte accessions, consisting of seven parviglumis, seven mexicana, one huehuetenangensis, three Z. perennis, two Z. diploperennis and two Z. luxurians, were kindly obtained from the North Central Regional Plant Introduction Station (NCRPIS), USDA-ARS (Table S1 ).
Gene cloning and sequencing
Genomic DNAs from 38 cultivated maize lines and 22 teosinte accessions were extracted from 2-week seedlings using the cetyl trimethylammonium bromide (CTAB) method. Because teosinte accessions were open pollinated, seeds were heterozygous. To obtain the genetic information in a comprehensive and accurate way, 12 seeds for each accession were randomly selected for sowing, and 2-week seedlings were mixed to extract genomic DNA. The CDs sequences of six z2 genes (z2d10, z2d18, z2b15, z2c16, z2c27, z2c50) were amplified by polymerase chain reaction (PCR) with specific primers (Table S6) , and PCR products were linked to T-vector (Promega), then 12 single colonies were picked and sequenced with a 3730xl DNA Sequencer.
Sequence analysis
The sequences were assembled using the SeqMan program in DNASTAR5.0 (DNASTAR Inc.), then the alignment of the assembled sequences were performed by ClustalX (Thompson et al., 1997) in MEGA 6 software (Tamura et al., 2013) . In addition, sequence motifs were predicted by the PlantCARE database (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/) (Lescot et al., 2002) .
Genetic diversity analysis and neutral evolution test
Genetic diversity assessment and a neutral evolution test were carried out from the cultivated maize population, the teosinte population, and the overall level. DnaSP ver.5 (Librado and Rozas, 2009 ) was used to calculate haplotype diversity, SNPs, nucleotide diversity, the reduction of genetic diversity, synonymous and nonsynonymous substitution rate, Tajima's D, D* and F* of Fu and Li.
Phylogenetic analysis
To examine the genetic relationships between cultivated maize and teosintes, genealogical trees were constructed using Maximum Likelihood (ML) or neighbour-joining (NJ) criterion in MEGA 6 with 1000 bootstrap (Tamura et al., 2013) .
To further investigate the origin of cultivated maize and the population structure, program ADMIXTURE (Alexander et al., 2009) was performed with K values (given numbers of population) ranging from two to four according to the SNPs of mays, parviglumis and mexicana, and the final plots were completed with R script. Figure S2 . Conserved motifs and the conserved regions of z2 genes. Figure S3 . Phylogenetic analysis and population structure of six z2 genes. Figure S4 . Population structure analysis of six z2 genes. Table S1 . Accessions of cultivated maize and teosintes used in this study. Table S2 . The insertion and deletion events of six z2 genes. Table S3 . The distribution of haplotypes of six z2 genes resulting from coding regions in 38 cultivated maize and 22 teosintes. Table S4 . All haplotypes resulting from 29 polymorphic sites in maize inbred lines and teosintes of (a) z2d10, (b) z2d18, (c) z2b15, (d) z2c16, (e) z2c27, and (f) z2c50. Table S5 . Summary of nucleotide polymorphisms and neutrality test of six z2 genes and summary of parameters for the analysis of (a) z2d10, (b) z2d18, (c) z2b15, (d) z2c16, (e) z2c27, and (f) z2c50. Table S6 . The primers used for zein2 amplification.
